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ABSTRACT 
Proportional valves are widely used in fluid systems for controlling the volume flow rate or fluid 
pressure. The actuation of this valves is done by PWM-driven proportional solenoids, which enable 
self-sensing position determination abilities due to air gap-dependent electrical behaviour, e. g. for 
condition monitoring or position controlling tasks. However, the sensor properties of conventional 
proportional solenoids are poor due to ambiguities caused by hysteresis effects (magnetic hysteresis, 
eddy currents) and saturation effects. Thus, a sensor-designed actuator was developed with very low 
hysteresis effects and unique position determination by using electrical sheet and a particular air gap 
design. This paper deals with investigations of a novel self-sensing position determination approach on 
a demonstrator of the sensor-designed solenoid. The advantage of this method is an online 
consideration of transient effects such as mean current change and armature motion as well as 
temperature-dependent resistance. For this, a combined evaluation of the differential inductance and 
flux linkage during PWM periods is proposed.  
Keywords: self-sensing position determination, proportional solenoid, sensor design 
1. INTRODUCTION 
Proportional solenoids are well-known drives for 
proportional valves in order to control the volume 
flow rate or fluid pressure in a continuous 
manner. The working principle is based on the 
reluctance principle. 
coil, a magnetic field arises and a magnetic 
force  acts on the movable armature 
(Figure 1). The magnetic force works against a 
spring force  for setting a specific position 
according to the equilibrium of the forces. A 
linear behaviour between the electrical input (coil 
current ) and mechanical output (armature 
position ) is achieved with a particular air gap 
design and a magnetic excitation in the saturation 
area. A cone shaped counterpart of the armature 
results in a nearly position-independent magnetic 
force [1]. The excitation in the saturation area 
leads to a current proportional magnetic force [2]. 
The coil is usually excited by an energy efficient 
PWM voltage  to avoid static friction. 
Figure 1: Design of conventional proportional 
solenoid (axisymmetrical magnetic circuit; 
without fluid stage) 
It is well-known that this electro-magneto-
mechanical operating chain is not reactionless. 
The magnetic behaviour is air gap-dependent and 
has an influence on the electrical side due to its 
inductive effect. This behaviour can be exploited 
to get information about the armature position 
only by measuring electrical values such as 
current and voltage. So-called self-sensing 
position determination methods can be used for 
various applications, e. g. for condition 
monitoring [3] or position controlling tasks [4]. 
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However, the sensor properties of 
conventional proportional solenoids are poor due 
to ambiguities caused by hysteresis effects 
(magnetic hysteresis, eddy currents) and 
saturation effects. Reason for this is the focus on 
the actuator capability in nowadays development 
activities of conventional actuators. Thus, a 
sensor-designed actuator was developed with 
very low hysteresis effects and unique position 
determination by using electrical sheet and a 
particular air gap design. 
The focus of this paper is the investigation of 
a novel self-sensing position determination 
approach on the developed sensor-designed 
solenoid. Firstly, some basics of the position 
observation and the sensor properties of 
conventional proportional solenoids are shown. 
Based on this, a demonstrator of the sensor-
designed proportional solenoid and its electro-
magnetic behavior is presented. In the main part, 
a promising self-sensing position determination 
method is described and extended according to 
considering transient effects such as mean current 
change and armature motion. The coil resistance 
is an important value for position observation 
methods. An online capable method for 
calculating the resistance is presented. After that, 
the used test rig for investigating the methods is 
described. Finally, the achieved results of 
position observation and resistance determination 
applied on the demonstrator are presented. 
2. SELF-SENSING POSITION 
DETERMINATION 
As described above, the air gap-dependent 
magnetic behaviour can be used for self-sensing 
position determination. There are several 
methods known from literature. Richter gives an 
overview in [5] and [6], especially for application 
at typ
methods for PWM-driven proportional solenoids 
are the evaluation of the differential inductance 
[7] and differential current change [8]. These 
methods work with the existing PWM excitation 
and do not need any additional test signal. 
Furthermore, they are not based on numerical 
integration such as flux linkage method [4][9], 
which is especially difficult in the continuous 
working principle of proportional solenoids. In 
this work, only the differential inductance 
method is considered, because the differential 
current change is only a consequence of the 
position-dependent inductance.  
The differential inductance  is derived from 
flux linkage  according to  
(1)
The flux linkage is the magnetic flux summed 
over all windings. It can be calculated by 
integrating the induced voltage  according to 
the induction law with 
(2)
The induced voltage is calculated from 
measured coil current  and input voltage  (see 
Figure 1). Thus, the differential inductance is 
calculated according to  
(3)
without any numerical integration. 
3. SENSOR PROPERTIES OF 
CONVENTIONAL PROPORTIONAL 
SOLENOIDS 
Generally, existing proportional solenoids are 
developed considering only the actuator 
properties, while sensor behaviour is not included 
in the developing process. In order to investigate 
the current sensor properties, the electro-
magnetic behaviour has to be analysed. The 
evaluation of flux linkage  maps all 
relevant effects. From this, the characteristic map 
of differential inductance  is derived, 
which is necessary for self-sensing position 
determination. The maps are generated from 
measurements of coil current  and input 
voltage  in steady state (Figure 2). Therefore, 
the armature is fixed at various positions  and 
the solenoid is excited by a PWM voltage with a 
constant duty cycle  (PWM period: . The 
measurements are evaluated as soon as the mean 
current value does not change anymore. The map 
values are calculated from the measurements 
according to equations (2) and (3), here by 
neglecting the unknown start value  (remanent 
flux linkage) in equation (2).  
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Figure 2: Time-dependent measurements of electrical 
values in steady state and map values 
calculated therefrom 
Figure 3 illustrates both maps depending on coil 
current  at various PWM duty cycles  and 
armature positions . 
Figure 3: Map of flux linkage  and differential 
inductance  of a conventional 
proportional solenoid calculated from 
measurements (in operating range) 
Two main effects can be derived from the 
behaviour. Firstly, there are striking hysteresis 
loops during PWM excitation (Figure 3, top), 
which represent the inductive energy losses due 
to magnetic hysteresis and eddy currents. In 
relation to the position observation, they lead to 
ambiguities in position determination (Figure 3, 
bottom), since a clear assignment of the evaluated 
differential inductance to exactly one position is 
unfeasible. This problem becomes even greater, 
when transient processes are considered 
(armature motion, change of mean current). The 
second effect becomes visible, when hysteresis 
effects are not taken into account (Figure 4). The 
so-called anhysteretic curves are derived from FE 
simulations. They show nearly no position 
dependency in the range of larger currents due to 
saturation effects. 
Figure 4: Map of differential inductance  of a 
conventional proportional solenoid 
simulated without hysteresis effects (in 
operating range) 
For these reasons, it was investigated how a 
proportional solenoid can be designed regarding 
proper sensor behaviour by considering the 
actuator characteristics as well. On this basis, a 
promising self-sensing design was built up as 
demonstrator. Detailed investigations for the 
development of sensor-designed solenoids will 
be published in a further article. 
4. SENSOR-DESIGNED PROPORTIONAL 
SOLENOID 
The aim of sensor-designed actuators is an 
unambiguous linear behaviour between the 
evaluated value for position observation 
(differential inductance) and the armature 
position. This basic characteristic can be 
achieved by a particular air gap design and an 
excitation of the magnetic circuit below 
saturation. In addition, the hysteresis effects have 
to be significantly reduced. The most promising 
method for lower hysteresis effects is the usage 
of electrical sheets. This material has a reduced 
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magnetic hysteresis and avoids large eddy 
currents due to its isolated sheets. An excitation 
below saturation and a lamination of the magnetic 
circuit was already proposed in [10]. 
Figure 5 shows the developed demonstrator 
design of a sensor-designed proportional solenoid 
in size comparison to the conventional solenoid. 
The increased actuator size is necessary for 
achieving the same force level by considering an 
excitation below saturation.  
Figure 5: Design of sensor-designed proportional 
solenoid (planar magnetic circuit, top) in 
size comparison to the conventional 
solenoid (bottom) 
Figure 6: Map of flux linkage  and differential 
inductance  of the developed sensor-
designed solenoid calculated from 
measurements (in operating range) 
The magnetic behaviour was measured and 
simulated in the same way as on the conventional 
proportional solenoid. The improved magnetic 
behaviour is illustrated in Figure 6 and Figure 7. 
Compared to the behaviour of conventional 
solenoids presented in Figure 3, a significant 
reduction of the hysteresis losses can be seen 
(Figure 6, top). However, small loops still occur 
due to remaining small magnetic hysteresis 
effects and eddy currents. This results in a 
varying differential inductance during PWM on-
time respectively off-time (Figure 6, bottom), 
which requires a special handling.  
Furthermore, the linear position-dependent 
behaviour of the differential inductance, which is 
derived from FE simulations, is pronounced over 
the entire operating range (Figure 7). Slight 
saturation effects occur at large currents. This is 
due to a compromise between actuator size and 
sensor properties. 
Figure 7: Map of differential inductance  of 
the developed sensor-designed solenoid 
simulated without hysteresis effects (in 
operating range) 
5. POSITION OBSERVATION STRATEGY 
FOR SENSOR-DESIGNED SOLENOID 
5.1. Position observation 
The remaining hysteresis effects can be handled 
by a mean value strategy. This is allowable due 
to nearly linear curves in the map  and 
triangular current behaviour (Figure 8). 
Therefore, the averaged differential inductance is 
calculated from the current and voltage values 
according to Figure 8 with 
(4)
duty cycle
position
position
duty cycle
current in A
only PWM on-time
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for PWM on-time and with 
(5)
for PWM off-time.  
Figure 8: Measured and calculated values for mean 
value strategy 
By using this mean value strategy, the resulting 
map has a clear correlation, shown in Figure 9. 
Exactly one position is assigned to a defined pair 
of differential inductance and current value. Due 
to nearly same inductance values  and , 
the averaged value  of both is used in the 
following (ss: steady state). 
Figure 9: Map of differential inductances 
 and  in operating 
range by applying mean value strategy 
(unipolar PWM voltage)  
For these investigations, a unipolar PWM voltage 
was used (on-time: 24 V, off-time: 0 V). As the 
duty cycle is zero (  0, zero mean current), a 
position determination is not possible. However, 
a bipolar PWM voltage can overcome this issue 
and will be used in the following (on-time: 24 V, 
off-time: -24 V). The corresponding map is 
illustrated in Figure 10 and shows the feasibility 
at zero mean current. 
Figure 10: Map of differential inductances 
in operating range by applying mean value 
strategy (bipolar PWM voltage)  
The described method works for steady state 
without changing the mean current value and 
without armature motion. If there is a change of 
the mean current, the hysteresis loops are not 
closed. This results in different inductance values 
 and  as for steady state ( ) due to 
transient behaviour. Figure 11 depicts the 
behaviour schematically. 
Figure 11: Schematic behaviour of flux linkage over 
current during a PWM period (top: at steady 
state, bottom: at change of mean current) 
A change of the duty cycle leads to a transient 
phenomenon of the mean current value. If the 
duty cycle is increased, the mean current 
increases successively as well. Therefore, the 
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bent flux linkage curve at PWM on-time 
increases further than in the comparable 
operating point of steady state. This results in a 
larger gradient  (Figure 11, bottom). During 
PWM off-time, the curve is shortened with a 
resulting smaller gradient . A similar 
behaviour occurs during armature motion due to 
the position-dependent change of flux linkage 
(Figure 12). If the air gap decreases due to 
armature motion, the flux linkage increases and 
vice versa (compare also Figure 6, top: position-
dependency of flux linkage).  
Figure 12: Schematic behaviour of flux linkage over 
current during a PWM period at armature 
motion 
However, a real armature movement is initiated 
by a change of the mean current. Therefore, the 
effects from mean current change (Figure 11, 
bottom) and armature motion (Figure 12) are 
superimposed.  
Both effects can be considered by a correction 
term. The induction law (see equation (2)) 
provides an appropriate approach. Therefore, the 
Kirchhoff's voltage law for the electrical domain 
can be written as 
(6)
with a current- and position-dependent flux 
linkage . The partial derivation of the flux 
linkage results in 
(7)
The last term describes already the influence 
of the armature motion, but can consider a change 
of the mean current due to its similar behaviour 
as well. By using equation (1) for the second term 
and defining the third term as a general induced 
voltage correction term, equation (7) can be 
written as  
(8)
The application of equation (8) to PWM on-
time and off-time by considering the mean value 
strategy results in 
(9)
and 
(10)
The flux linkage values  and  are the 
deviations over PWM on-time respectively off-
time compared to steady state behaviour (see also 
Figure 11, bottom and Figure 12). These values 
can be calculated by numerical integration 
according to equation (2). The integration is 
possible here, since the integration time is short 
(maximum: ) and only the difference is 
calculated (  not considered).  
If the induced voltage correction is considered, 
the differential inductance values in equations (9) 
and (10) are without influences of armature 
motion and mean current change. It applies 
(11)
The equations (9) to (11) yield the final 
calculation of differential inductance. By 
equating the coil resistance , the differential 
inductance can be calculated with 
(12)
The position can now be determined using this 
differential inductance value, the weighted mean 
current  
(13)
over a PWM period and the map from Figure 10. 
5.2. Resistance determination 
The calculations of the flux linkage values 
and  require the actual value of the coil 
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resistance according to (2). Unfortunately, the 
resistance value is temperature-dependent and 
has to be determined online for a correct 
calculation. There are some methods known from 
literature (e. g. [11][12][13]), which are mostly 
complex or are not accurate enough. A simple 
approach is an averaging over one PWM period 
according to 
(14)
Another approach is equating the differential 
inductance according to equation (9) and (10) 
[14]. It must be taken into account that the 
calculation of the correction terms (similar to 
equation (12)) itself depends on the resistance. In 
order to avoid numerical loops, the correction 
terms are negligible, and the resistance value can 
be calculated with 
(15)
Both methods work well at steady state, but 
result in deviations during armature motion and 
change of the mean current. The results can be 
improved by using low pass filtering (similar to 
[11]). This is possible due to very different time 
constants between the slow thermal behavior of 
the resistance change and the fast-acting armature 
motion as well as a change of the mean current. 
The filtered resistance is calculated by 
(16)
where  is the calculated resistance 
according to equation (14) or (15),  is the 
previous calculated filtered value and  the 
new filtered value. The time constant  is an 
adjustable parameter and defines the filter 
characteristic. 
6. TEST RIG 
The above described methods were investigated 
by using the test rig, which is seen in Figure 13. 
Figure 13: Test rig for investigations of the sensor-
designed proportional solenoid (here: 
configuration for armature motion with 
spring) 
The steady state behavior is measured at fixed 
armature position. Therefore, the movable block 
is directly connected to the pin (without spring). 
Pin and armature are force-fit linked. Various air 
gap values are set with the block position. The 
actual armature position is measured with a 
position sensor (laser triangulation). 
The behavior during mean current changes is 
measured with the same configuration. 
For measurements of armature motion, the 
armature respectively pin works against a spring 
(see Figure 13). In order to move the armature 
only in the position  operating range, a stroke 
limiter is used. 
During all measurements, coil current, input 
voltage and armature position are recorded by a 
LabVIEW-based cRio-System. All used 
analogue digital converters have a resolution of 
16 bit. The time resolution is 25 µs. Based on the 
measured values, the described methods for 
position observation and resistance determination 
are investigated. 
7. RESULTS 
The above developed novel method for self-
sensing position determination is investigated 
step by step. Therefore, results are shown for 
steady state and transient behavior. Firstly, the 
accuracy at steady state is determined. Thus, the 
repeatability of the map operating points as well 
as intermediate operating points are investigated. 
Figure 14 depicts the different operating points 
in relation to the map points. 
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Figure 14: Operating points for investigations in steady 
state related to the map points (left: 
repeatability of map points, right: accuracy 
of intermediate operating points) 
The results are illustrated in Figure 15. 
Therefore, the various operating points were 
analysed once. The relative differences between 
the measured position value  (from position 
sensor) and observed position value  in 
relation to the operating range  2 mm are 
evaluated according to 
(17)
The induced voltage correction is not 
considered due to steady state investigation. 
Figure 15: Accuracy of position observation at steady 
state (top: repeatability of map points, 
bottom: accuracy of intermediate points) 
The plots show very good matches between 
position observation and position measurement 
over the entire operating range. Reasons for the 
small deviations may include interpolation during 
map generation and position observation as well 
as measurement noise.  
 Secondly, the position observation at a mean 
current change and fixed armature position is 
investigated. Therefore, Figure 16 depicts the 
current response as well as measured and 
calculated position values after a duty cycle step. 
The mean current change at beginning can be 
read from the current curve. Consequently, the 
magnetic force arises and leads to a small 
movement due to the elasticity of the test rig. The 
position observation without considering the 
correction terms (  and  by using equations 
(4) and (5)) illustrates the deviations during the 
mean current change. The extended method with 
induced voltage correction enables an improved 
position determination, here with good matches 
as well (  1 %). All calculations are 
based on the steady state resistance value 
according to equation (14). 
Figure 16: Position observation at change of mean 
current due to duty cycle step, without and 
with considering induced voltage correction 
In the third step, the position observation method 
is analysed at armature motion. Therefore, a duty 
cycle step initiates the position change and a 
second step back leads to the return motion. The 
edge time  is adjustable. The results 
are shown in Figure 17. 
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Figure 17: Position observation at fast armature motion 
due to duty cycle step, without and with 
considering induced voltage correction 
Here, again, the non-consideration of the 
correction terms causes deviations in the self-
sensing position determination. The observation 
is significantly improved by using the novel 
method. Large differences still occur at fast 
armature motion (Figure 18). These can be 
caused by dynamic effects at the test rig and by 
the mean value based observation method. 
However, the maximum deviation is only about 
half the distance the armature moves during a 
PWM period  5 ms. 
Figure 18: Zoomed behaviour of measured and 
observed position during armature motion  
Further deviations occur at high mean current 
gradient, especially at high currents and small air 
gaps (Figure 19). In this area, the map of the 
differential inductance has a pronounced non-
linear current dependency due to saturation 
effects (Figure 20). This results in deviations 
when using the averaging method, which is based 
on linear interpolation. 
Figure 19: Zoomed behaviour of current as well as 
measured and observed position during 
mean current gradient 
Figure 20: Behaviour of the time-dependent calculated 
differential inductance over the measuring 
time in the map 
An increased PWM frequency can reduce the 
deviations. But it must be taken into account that 
the resolution of one PWM-period and of the 
current difference  decreases. 
The above shown investigation uses the 
resistance value from steady state according to 
equation (14). This method is not online capable. 
Therefore, the proposed methods for resistance 
determination are analysed in the following. 
Figure 21 illustrates the calculated resistance 
values for the same control regime as in 
Figure 17. The basis is the reference value , 
which is obtained from the averaged resistance 
value  in steady state (same as used for 
previous investigation). 
time in s
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Figure 21: Resistance determination methods at 
armature motion and resulting observer 
deviation 
As expected, deviations occur at armature motion 
respectively mean current change. By applying 
the described filter, the calculated resistance 
value can be smoothed. Therefore, the proposed 
equating method with  (equation (15)) is 
filtered due to its smaller deviation in contrast to 
the averaged method with  (equation (14), 
see Figure 21, top). The filter parameter is set to 
 5 s and the mean of the first five calculations 
of  is used to initiate the filter ( ). Based 
on the relative resistance deviation  
(18)
the working principle of the filter can be seen. 
At transient effects, the filtered resistance value 
changes only slightly. An armature motion in one 
direction results in a slight increased resistance 
value, while the return motion leads to a 
decreased resistance value. During steady state, 
the resistance value  aligns slowly to . 
The resulting difference of the position 
observation between both methods 
(  and ) is in the 
order of magnitude of resistance deviation 
(ca. 1 %).  
In order to analyse the real online capability of 
this method, further works are planned. 
Especially longer durations have to be 
investigated, where the resistance changes 
significantly due to thermal effects. 
The position observation works with further 
control regimes as well. Exemplary, Figure 22
shows a second investigation. The armature does 
not move between the stroke limits, but has a 
set to  300 ms.  
Figure 22: Position observation at slow armature 
motion due to duty cycle step, only with 
considering induced voltage correction 
The results show a similar behaviour. Due to 
slower armature motion, a smooth behaviour 
without deviation peaks can be seen. 
8. CONCLUSION AND OUTLOOK 
In this work, a novel self-sensing position 
determination method for a sensor-designed 
proportional solenoid is proposed. This method 
considers in addition to steady state behaviour 
also transient effects such as mean current change 
and armature motion. It is based on a combined 
evaluation of differential inductance and flux 
linkage.  
Firstly, issues of conventional proportional 
solenoids concerning sensor behavior are 
described. These are mainly hysteresis and 
saturation effects. On this basis, a sensor-
designed proportional solenoid is proposed, 
which exhibits improved sensor characteristics 
due to a particular air gap design and a magnetic 
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circuit made from electrical sheets. Because of 
remaining small hysteresis effects, a mean value 
strategy is proposed for self-sensing position 
determination. The basic position observation 
uses the differential inductance method. In order 
to consider also transient effects, the method is 
extended by an induced voltage correction, which 
is based on the evaluation of the flux linkage. 
Furthermore, the position determination method 
requires the coil resistance value, which must be 
known online. Different simple methods for 
calculating the coil resistance are described. 
Finally, investigations at a demonstrator of the 
sensor-designed solenoid are presented. The 
analyses show promising results. The position 
observation can be significantly improved by 
applying the novel observation method. 
Remaining deviations occur especially at high 
armature velocities and partly at high mean 
current gradients.  
The method is appropriate for condition 
monitoring the armature position and simple 
position control tasks, applied on similar working 
solenoids as well. For a more precise control, 
further investigations have to be done especially 
concerning higher resolution of time and 
analogue digital converter. For an application as 
valve drive, the design has to be adapted. 
Further works will deal with investigations of 
the resistance determination method at longer 
evaluation durations, where the resistance value 
changes significantly due to thermal effects. 
Therefore, it is also planned to implement the 
entire observation method and the solenoid 
control into electronics, in order to show potential 
industrial usability. 
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NOMENCLATURE 
duty cycle (-) 
force (N) 
current (A) 
inductance (H) 
resistance ( ) 
time (s) 
time period (s) 
voltage (V) 
velocity (m/s) 
air gap, position (m) 
time constant (s) 
flux linkage (Wb) 
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